Optimization theory and application of nano-microscopic properties of
  dielectric microspheres by Sui, Guorong et al.
Optimization theory and application of nano-microscopic properties 
of dielectric microspheres 
Guorong Sui, Fan Liu, Yuehua Zhang, Xiliang Yang, Xiangmei Dong 
University of Shanghai for Science and Technology, Shanghai, China 
suigr@usst.edu.cn 
 
Abstract: The dielectric microsphere can be directly embedded into the traditional microscope, 
which can significantly improve the resolution of the microscope and provide a simple and 
feasible way to break through the diffraction limit of optical imaging system. However, due to the 
lack of effective theory and formula system, the resolution limit, magnification and optimal 
imaging position of the microsphere microsystem cannot be determined, which hinders its 
application. In this paper, the microscopic theory of dielectric microspheres is studied 
systematically, and the ray optics is extended to the imaging of dielectric microspheres, so as to 
establish a formula system containing important optical parameters such as resolution, 
magnification and imaging position, which provides a solid theoretical basis for further 
optimization of the nano-microscopic properties of dielectric microspheres. Compared with 
simulation and experiment, the correctness of the formula system is ensured. The formula shows 
that the mismatch between refractive index and ambient refractive index limits the resolution of 
microspheres, and it is an effective method to further improve the resolution to find the optimal 
refractive index ratio. In addition, the larger refractive index of the medium microsphere and the 
refractive index of the environment are conducive to the enhancement of the imaging 
magnification, but the working distance of the microscope objective must be taken into account in 
the experiment to obtain the ideal imaging position. The theoretical system proposed in this paper 
effectively explains the optical principle of dielectric microsphere imaging, gives optimized 
optical parameters, and has been applied in experiments, which is of great value for the practical 
application of dielectric microsphere nanometer microscopy. 
 
1 Introduction 
Breaking through optical diffraction limit and improving imaging resolution 
have always been the focus of optical research. With the continuous development of 
optical instruments and imaging methodology, the resolution of various microscopic 
imaging has been significantly improved. At present, the resolution of optical near-
field scanning microscope [1-3] is higher than 100nm, X-ray microscope [4-5] can 
resolve spatial information of less than 10nm, atomic force microscopic imaging [6] 
can reach resolution of 1nm, scanning tunnel-microscope [7] can resolve detailed 
structure of 0.1nm, and electron transmission microscope [8] can reach resolution of 
pico-meter. However, all kinds of microimaging above have some disadvantages. 
Optical near-field scanning microscopes, atomic force microscopes, and scanning 
tunneling microscopes all require scanning probes that can easily damage samples. 
The photon energy of X-ray microscope light source is too large, and it is also easy to 
damage the sample. Scanning tunneling microscope (STM) and electron transmission 
microscope (tem) both require vacuum operation and are environmentally demanding. 
Moreover, none of these microscopic images allow real-time observation of living 
samples. In 2011, wang [9] observed attached silica microsphere samples with a 
traditional microscope and obtained images with a resolution of 50nm, which opened 
the nanometer microscopic research on dielectric microspheres. Because the method 
is simple to operate and has strong real-time performance, it provides a new way for 
real-time imaging of living samples, so it has attracted extensive attention in the field 
of optical super-resolution microscopy. 
Recently, Li[10] combined medium microsphere with laser scanning confocal 
microscope to obtain imaging resolution of 25nm.In order to further improve the 
resolution of nano-microscope of medium microspheres, the influence of geometric 
and physical parameters of microspheres and the special structure of microsphere 
evolution on the imaging resolution has been extensively studied [11-14], and Hao 
[15], Lee[16] and Arash Darafsheh [17-18] et al. found that the immersion degree of 
immersion solution also affects the imaging resolution of microspheres. In addition, 
some researches focus on the mechanism of microsphere microimaging, hoping to 
fundamentally break the limitation of imaging resolution. Existing media microsphere 
microimaging theories mainly include rice scattering theory [19-20], pattern coupling 
theory [21], nano energy flow theory [22-24] and evanescent field theory [25-27].All 
these theories treat the imaging problem of medium microsphere from the perspective 
of the propagation of light wave electromagnetic field, apply electromagnetic mode 
decomposition and specific boundary conditions to solve the electromagnetic field 
distribution at the imaging end, and then obtain the relevant characteristic parameters 
of the image. However, due to the lack of deterministic description of object-image 
relationship, important optical performance parameters including imaging resolution, 
magnification and imaging position cannot be theoretically optimized. Moreover, the 
quantitative study on the influence of refractive index on the microscopic properties 
of medium microspheres and the limit of microsphere microscopic imaging resolution 
are not enough. Therefore, this article established the dielectric microsphere 
microscopic imaging theory, derived the formulas of imaging performance parameters 
system, and detailed research on dielectric microspheres nano microscopic imaging 
performance, especially the refractive index with medium microspheres and 
environment refractive index matching method to optimize the imaging resolution, 
magnification and the imaging position, and obtained the experimental verification. 
In this paper, the microscopic theory of dielectric microspheres is studied 
systematically, and the ray optics is extended to the imaging of dielectric 
microspheres, so as to establish a formula system containing important optical 
parameters such as resolution, magnification and imaging position, which provides a 
solid theoretical basis for further optimization of the nano-microscopic properties of 
dielectric microspheres. Compared with simulation and experiment, the correctness of 
the formula system is ensured. The formula shows that the mismatch between 
refractive index and ambient refractive index limits the resolution of microspheres, 
and it is an effective method to further improve the resolution to find the optimal 
refractive index ratio. In addition, the larger refractive index of the medium 
microsphere and the refractive index of the environment are conducive to the 
enhancement of the imaging magnification, but the working distance of the 
microscope objective must be taken into account in the experiment to obtain the ideal 
imaging position. The theoretical system proposed in this paper effectively explains 
the optical principle of dielectric microsphere imaging, gives optimized optical 
parameters, and has been applied in experiments, which is of great value for the 
practical application of dielectric microsphere nanometer microscopy. 
 
2 Principle of microsphere microimaging 
The dielectric microsphere covering the surface of the sample is like a hyperlens, 
which can effectively converge the light of the object, increase the focal degree of the 
microscopic system, and thus improve the spatial resolution of the microscopic 
imaging. Previous studies have shown that in the imaging field covered by medium 
microsphere, the imaging resolution can be obtained which is better than that of 
traditional microscope, and the imaging characteristics meet the basic geometric 
relationship [9].In order to further clarify the optical principle of microsphere 
microimaging and the relationship between object and image, the spherical refraction 
surface model is used for detailed analysis and discussion. As shown in figure 1, the 
curvature radius of the front and back refraction surfaces of SiO2 sphere is 
r1=R(r1>0) and r2= -r (r2<0), respectively, the thickness is D=2R, the refractive index 
is nd, and the surrounding refractive index is ns1 and ns2, respectively. 
 
Figure 1. imaging schematic diagram of medium microsphere 
According to the ray optics principle of the dielectric interface, the front and back 
focal lengths of the spherical front surface are respectively: 
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The front focal length and back focal length of the sphere's rear surface are 
respectively: 
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The combined front and back focal lengths of the sphere are respectively: 
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Where, c is the distance between the front focus F0 'of the front surface and the front 
focus F1 of the back surface, which can be expressed as: 
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Where, D is the axial thickness of the lens, namely the distance between U0 and U1. 
Substitute equation (1) and equation (2) into equation (4) and get: 
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here: 
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Substitute equations (1), (2) and (5) into equation (3) and get: 
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The distance from the pole U0 to the main point U and the distance from the pole U1 
to the main point U 'are respectively: 
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In practice, the immersion fluid around the microsphere usually has two types: total 
immersion and semi-immersion.In a full-immersion system, the index of refraction of 
the immersed liquid ns=ns1=ns2, the radius of curvature of the front surface r1=R, 
and the radius of curvature of the rear surface r2= -r.Substitute these parameters into 
equations (6), (7), and (9): 
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When both object square light and image square light are immersed in liquid, the 
object image distance relation can be written as: 
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Axial magnification is: 
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In general, the medium microsphere is close to the sample surface, so l= -r is 
substituted into equation (12), and the phase position is obtained as: 
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Axial magnification is: 
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Numerical aperture (NA) [28] is: 
 
2
)(2
1 








sd
d
S
nn
n
n
NA
                    (16) 
The half-height full width of the point diffusion function [29] is: 
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Substitute equation (16) into equation (17) to get: 
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In the semi-immersed system, the index of refraction of the immersed liquid is ns1, 
the index of refraction of the air is ns2, the radius of curvature of the front surface 
r1=R, and the radius of curvature of the rear surface r2= -r. Substitute these 
parameters into equations (6), (7), and (9): 
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Since the object square ray and the image square ray in the semi-immersed system are 
in different media, the object image distance formula is: 
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Axial magnification is: 
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When the distance from microsphere center to sample is 4
3R
l 
, then: 
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Substitute equation (24) into equation (21) to obtain the phase position: 
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Axial magnification is: 
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The half-height full width of the point diffusion function is: 
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3 Result and simulation 
In order to ensure the correctness of the theory, FDTD simulation algorithm and 
physical experiments were used to make a comparative study on the media 
microsphere imaging with different parameters. The focal spot size of the ideal point 
light source after microsphere focusing directly determines the image resolution of the 
microsphere. Therefore, it is of great significance to study the effect of the refractive 
index difference between the microsphere and the surrounding environment on the 
focal spot size. The diameter of the microsphere used in the simulation is 5 microns, 
the incident light wave is linearly polarized plane wave, and the plane wave source is 
placed 5.5 microns away from the center of the microsphere. As shown in figure 2b, 
when nd-ns>0.8, most of the light energy gathered in the inside of the medium 
microsphere and formed a small focusing spot, only a small part of the energy ejected 
out of the outside of the sphere. This indicates that a large refractive index difference 
will cause a strong local resonance effect in the microsphere, which is not conducive 
to the image observation. When 0<nd-ns<0.85, the focal point is located outside the 
dielectric microsphere. At this time, the medium microsphere is equivalent to an ultra-
micro focal lens, and its imaging performance is very similar to that of an ordinary 
spherical lens, as shown in figure 2c. When the refractive index of the medium 
microsphere is greater than the refractive index of the surrounding environment (nd-
ns<0), the focusing spot cannot be obtained on the inside and outside of the medium 
microsphere, and the medium microsphere shows an obvious edge diffraction effect, 
as shown in figure 2d. 
 
Figure 2. Light field distribution of plane wave lighting medium microsphere (diameter of the 
simulated medium microsphere is 5 microns, a) simulation structure b)nd-ns > 0.85, c) 
0.85>nd-ns>0, d)nd-ns<0) 
In order to further study, the imaging resolution of medium microspheres, the 
following is a detailed analysis of the relationship between the focal spot size and the 
refractive index of the surrounding microsphere. Take the commonly used barium 
titanate microsphere as an example, its refractive index is 1.9. As shown in figure 3, 
the focusing spot size of the medium microsphere changes significantly with the 
increase of the refractive index of the surrounding environment, and presents a similar 
concave curve. In addition, the larger the surrounding refractive index is, the larger 
the focal spot size will be, which shows obvious nonlinearity. When the refractive 
index of the microsphere is 1.9, the incident light wavelength is 450nm, the semi-peak 
width of the transverse point diffusion function is 238nm, and the resolution can reach 
160nm.When the refractive index of microsphere is determined, the refractive index 
of immersed liquid has a great influence on the resolution. No matter simulation or 
theoretical derivation, it can be seen that the refractive index and resolution of the 
immersed liquid are not monotonically increasing. When the refractive index of the 
microsphere is 1.9, no matter what range of incident light wavelength is, the refractive 
index of the immersed liquid is 1.2, which can achieve a relatively small resolution. 
 
 
Figure 3. Change of half-height and full-width of point diffusion function under 
different conditions 
When the refractive index of the microsphere is 1.9, the wavelength is: a)450nm, 
b)550nm, c)650nm, d)750nm, respectively. The blue curve is calculated by the 
theoretical model formula (18), and the red point is calculated by FDTD simulation: 
 
Figure 4. Square wave with slit width of 142nm and peak width of 142nm was 
convolved with gaussian light with FWHM=238nm. 
a) is square wave with period of 284nm, slit width of 142nm and peak width of 
142nm, convolved with gaussian function of FWHM=238nm in b), c) is the result 
after convolution, and the ratio of the minimum and maximum light intensity is 0.81. 
According to formula (25) in the theoretical model, it is concluded that the 
magnification of the experimental image is related to the ratio of nd to ns2 (refractive 
index ratio = nd/ns2). The larger the ratio is, the larger the magnification of the image 
is. In optical imaging, magnification is an important index to measure imaging. In this 
paper, the influence of the relationship between environmental refractive index and 
microsphere refractive index on imaging magnification is studied theoretically and 
experimentally. Microscope used in the experiment for Axio Imager. M2 Carl Zeiss 
microscope (Carl Zeiss) is, numerical aperture NA is 0.9, the emission of light wave 
as the center wavelength is 550 nm white plane wave. The experiment USES the blu-
ray discs (blu-ray disc) as samples, and the cycle of stripe on blu-ray disc is 320 nm, 
the groove width is 120 nm, grooves between the interval is 200 nm. Place the 
diameter of 5 um silica microspheres strip on the blu-ray disc of transparent film, 
adding different refractive index of the immersion fluid, the microsphere was semi-
immersed, and the experimental figure measured was shown in Fig. 4. 
Table 1. Experimentally Determined Image Magnifications in the Different Media 
 Super-pure water Anhydrous 
ethanol 
isopropanol Immersion oil 
Refractive index 1.33 1.366 1.39 1.4 
magnification 2.4 2.33 2.05 1.6 
Theoretical magnification 1.42 1.34 1.28 1.26 
In the experiment, the refractive index of microspheres is certain, and their refractive 
index ratio is changed by changing the refractive index of the immersed liquid. The 
theoretical magnification in table 1 is calculated by formula (25). Through 
experiments and theories, it can be concluded that the magnification of the 
experimental image is related to the ratio of nd to ns2 (refractive index ratio = 
nd/ns2). The larger the ratio is, the larger the magnification of the image is. Our 
theoretical model allows qualitative analysis of magnification. In the experiment, if 
the resolution is allowed, the immersion solution with high refractive index can be 
selected as far as possible. 
    
Figure 5. The microspheres are made of silica, and the immersion liquid used is a) 
anhydrous ethanol b) propanol c) isopropanol d) ionized water, respectively, and the 
immersion state is semi-immersion 
According to the theoretical model, the imaging position of the microsphere can 
be calculated, and the imaging position can be judged to meet the scope of 
microscope imaging, which can predict whether the objective lens we use can observe 
the sample. The microscope we used has a 100-fold objective imaging distance of 
310um and a 50-fold objective imaging distance of 570um.Since the microsphere was 
imitated as a virtual image in the experiment, the image plane was behind the sample. 
When the upper surface of the microsphere was close to the lens of the objective lens, 
it might not be possible to make the image plane formed by the microsphere within 
the object distance of the microscope objective lens. Therefore, it is necessary to pay 
attention to whether the imaging position of the microsphere meets the object distance 
of the objective lens. According to our model, the object distance is the relationship 
between the refractive index ratio and the theoretical data is obtained from formula 
(14)., when the refractive index ratio is larger, the imaging position is closer to the 
center of the microsphere and the magnification is smaller. The same experimental 
conclusion was drawn in Lee's paper, as shown below: 
Table 2. Lee’s experiment results 
 water 40% Sugar 
Solution 
Microscope 
Immersion Oil 
Refractive index 1.33 1.399 1.518 
Focal image range 70---150 42—87 15--45 
thorey 125 105.79 83.6268 
 
4 Conclusions 
The model system can be used to predict the optimal resolution of the 
microsphere imaging system and the ratio of the refractive index of the system with 
the best resolution, and to provide reference for the magnification of the microsphere 
and the imaging position of the microsphere. When using barium titanate 
microspheres with a refractive index of 1.9, the immersion solution with a refractive 
index of 1.3--1.4 can achieve a better resolution. Under the requirement of resolution, 
the ratio with a relatively small refractive index between the microsphere and the 
immersed liquid can achieve a larger magnification. However, it is necessary to 
calculate whether the imaging position meets the object distance of the microscope 
objective lens, otherwise the object cannot be imaging. The theoretical system can 
provide guidance for further study of microsphere imaging experiment. 
 
Reference: 
[1] Kazunori Hoshino, Lynn J. Rozanski. Near-field scanning optical microscopy with monolithic 
silicon light emitting diode on probe tip. Appl. Phys. Lett. 92, 131106 (2008). 
[2]  
[3] Alu, A., & Engheta, N. (2010). Cloaked near-field scanning optical microscope tip for 
noninvasive near-field imaging. Phys Rev Lett, 105(26), 263906.Pieter Neutens, Pol Van 
Dorpe. Electrical detection of confined gap plasmons in metal–insulator–metal waveguides. 
NATURE PHOTONICS, 3, (2009) 
[4] Ice, G. E., Budai, J. D., & Pang, J. W. (2011). The race to x-ray microbeam and nanobeam 
science. Science, 334(6060), 1234-1239.. 
[5] Anne Sakdinawat and David Attwood. Nanoscale X-ray imaging. NATURE 
PHOTONICS,4,(2010).C. Bai (2000). Scanning tunneling microscopy and its applications. 
New York: Springer Verlag. ISBN 978-3-540-65715-6. 
[6] Jian Zhong* and Juan Yan.Seeing is believing: atomic force microscopy imaging for 
nanomaterial research. RSC Adv., 2016, 6, 1103 
[7] C. Bai (2000). Scanning tunneling microscopy and its applications. New York: Springer 
Verlag. ISBN 978-3-540-65715-6. 
[8]  
[9] Z. Wang, W. Guo, L. Li, B. Luk’yanchuk, A. Khan, Z. Liu, Z.Chen, and M. Hong, “Optical 
virtual imaging at 50 nm lateral resolution with a white-light nanoscope,” Nat. Commun. 
2,1211 (2011). 
[10] Yinzhou Yan, Lin Li. Microsphere-Coupled Scanning Laser Confocal Nanoscope for Sub-
Diffraction-Limited Imaging at 25 nm Lateral Resolution in the Visible Spectrum.ACS Nano 
8(2),1809-1816(2014) 
[11] Pin-Yi Li, Yang Tsao, Yun-Ju Liu, Zong-Xing Lou, Wei-Li Lee, Shi-Wei Chu, and Chih-Wei 
Chang, "Unusual imaging properties of superresolution microspheres," Opt. Express 24, 
16479-16486 (2016) 
[12] Seoungjun Lee, Lin Li, Zengbo Wang, Wei Guo, Yinzhou Yan, and Tao Wang, "Immersed 
transparent microsphere magnifying sub-diffraction-limited objects," Appl. Opt. 52, 7265-
7270 (2013) 
[13] Pin-Yi Li, Yang Tsao, Yun-Ju Liu, Zong-Xing Lou, Wei-Li Lee, Shi-Wei Chu, and Chih-Wei 
Chang, "Unusual imaging properties of superresolution microspheres," Opt. Express 24, 
16479-16486 (2016) 
[14] Guoqiang Gu, Rui Zhou, Zaichun Chen, Huiying Xu, Guoxiong Cai, Zhiping Cai, and 
Minghui Hong, "Super-long photonic nanojet generated from liquid-filled hollow 
microcylinder," Opt. Lett. 40, 625-628 (2015) 
 
[15] Hao X, Kuang C, Liu X, et al.. Microsphere based microscope with optical super-resolution 
capability [J]. Applied Physics Letters, 2011, 99(20): 203102. 
[16] LEE S, LI L, WANG Z, et al. Immersed transparent microsphere magnifying sub-diffraction-
limited objects [J]. Applied Optics, 2013, 52(30): 7265-7270. 
[17] Arash Darafsheh, Gary F. Walsh. Optical super-resolution by high-index liquid-immersed 
microspheres. Appl. Phys. Lett. 101, 141128 (2012) 
[18] Arash Darafsheh, Consuelo Guardiola, Averie Palovcak, Jarod C. Finlay, and Alejandro 
Cárabe, "Optical super-resolution imaging by high-index microspheres embedded in 
elastomers," Opt. Lett. 40, 5-8 (2015) 
[19] Maslov, AV,Astratov, VN. Optical nanoscopy with contact Mie-particles: Resolution analysis. 
Appl. Phys. Lett. 110,  26(2017) 
[20] Yubo Duan, George Barbastathis.Classical imaging theory of a microlens with super-
resolution. Opt. Lett. 38 (16), 2988-2990 (2013). 
[21] Yinzhou Yan, Yong Zeng, Yan Wu, Yan Zhao, Lingfei Ji, Yijian Jiang, and Lin Li, "Ten-fold 
enhancement of ZnO thin film ultraviolet-luminescence by dielectric microsphere arrays," 
Opt. Express 22, 23552-23564 (2014) 
[22] Z. Chen, A. Taflove, and V. Backman, “Photonic nanojet enhancement of backscattering of 
light by nanoparticles: a potential novel visible-light ultramicroscopy technique,” Opt. 
Express 12(7), 1214–1220 (2004). 
[23] A. Heifetz, K. Huang, A. V. Sahakian, X. Li, A. Taflove, and V. Backman, “Experimental 
confirmation of backscattering enhancement induced by a photonic jet,” Appl. Phys. Lett. 
89(22), 221118 (2006). 
[24] Y. E. Geints and A. A. Zemlyanov, “Photonic nanojet super-resolution in immersed ordered 
assembly of dielectric microspheres,” J. Quant. Spectrosc. Radiat. Transf. 200, 32–37 (2017). 
[25] Y. Ben-Aryeh. Superresolution observed from evanescent waves transmitted through nano-
corrugated metallic films.Appl.Phys.B,109,165-170(2012) 
[26] Li, L.; Guo, W.; Yan, Y.; Lee, S.; Wang, T. Label-Free Super-Resolution Imaging of 
Adenoviruses by Submerged Microsphere Optical Nanoscopy. Light: Sci. Appl. 2013, 2, 
e104. 
[27] A.Taflove, Computational Electrodynamics: The Finite-Difference Time-Do-main 
Method,Artech House,Boston,2005. 
[28] Choi, Youngwoon,et al. Overcoming the Diffraction Limit Using Multiple Light Scattering in 
a Highly Disordered Medium. Phys. Rev. Lett. 107, 023902(2011). 
[29] C. G. Schroer, B. Lengeler. Focusing Hard X Rays to Nanometer Dimensions by 
Adiabatically Focusing Lenses. PRL 94, 054802 (2005) 
 
